The orbital vibronic coupling parameters for C + 60 are derived by using density functional theory calculations with hybrid B3LYP functional. The obtained parameters tend to be stronger than the estimates within local density approximation. Based on the obtained coupling parameters, the static Jahn-Teller effects of C 
I. INTRODUCTION
Fullerene molecule C 60 in its charged and excited states exhibits various types of Jahn-Teller (JT) effect which cannot be seen in lower symmetric systems 1, 2 . Due to its high point group symmetry, the degeneracy of the highest occupied molecular orbitals (HOMOs) is as high as five-fold, giving rise to one of the most involved JT effects in positively charged C 60 . Toward the understanding of the JT effect of C n+ 60 cations, spectroscopic [3] [4] [5] and theoretical [6] [7] [8] [9] [10] [11] [12] [13] investigations have been piled up. Recently, confirmation of the presence of C + 60 in interstellar materials 14, 15 renewed the interest in C 60 cations and bursted various spectroscopic and theoretical investigations on C + 60 and related systems [16] [17] [18] [19] [20] [21] . For the realistic description of JT effect of positively charged C 60 , precise knowledge of the vibronic coupling parameters is decisive. The derivation of the vibronic coupling parameters have been addressed [22] [23] [24] , and comprehensive parameters were obtained by density functional theory (DFT) calculations at local density approximation (LDA) level 22, 24 . Nevertheless, in the study of C − 60 , it has been shown that the LDA tends to underestimate the coupling parameters 25 . In the work, the hybrid B3LYP functional was found to give closer parameters to the experimental data. Furthermore, a good agreement between the B3LYP and GW approximation calculations have been shown 26 . Therefore, it is desired to derive the coupling parameters at B3LYP level for accurate description of C 60 cations.
In this work, we derived the orbital vibronic coupling parameters for C + 60 cations from the DFT data with B3LYP hybrid functional. The obtained coupling parameters were compared with the previous data with LDA calculations. The static JT effect was also analyzed, and the symmetry of the JT deformed C + 60 was established.
II. VIBRONIC HAMILTONIAN
The highest occupied molecular orbitals (HOMOs) of C 60 are characterized by five-fold degenerate h u irreducible representation (of I h group) and they linearly couple to the following mass-weighted normal vibrational modes 27 :
The g g and h g modes are JT active, while the a g does not lower the symmetry. Taking the equilibrium coordinate of neutral C 60 as the reference coordinate, the H ⊗ (a ⊕ g ⊕ 2h) JT Hamiltonian for C + 60 is given by 1,2,6
The basis of the matrices are the H u electronic states of C + 60 in the order of |H u θ , |H u ǫ , |H u ξ , |H u η , |H u ζ . For the h g representation, the d orbital type of the basis is used, and hence, θ, ǫ, ξ, η, ζ transform as (2z 
And the relation between the coupling parameters V 1h and V 2h above and F Hb and F Ha , defined in the literature 6 is:
For the derivation of the vibornic Hamiltonian, the Clebsch-Gordan coefficients determined in Ref. 29 is used.
C 60 has two a g , six and eight sets of g g and h g modes, respectively, whereas the indices distinguishing them are not written in Eq. (2) for simplicity. The phase factor of the mass-weighted normal modes are given in the Supplemental Materials of Ref. 29 . The dimensionless vibronic coupling constant is defined as:
III. RESULTS
A. Orbital vibronic coupling parameters
The orbital vibronic coupling parameters were derived by fitting the DFT HOMO levels to the model hamiltonian (see Fig. 15 and Supplemental Materials). The DFT data calculated by GAUSSIAN 16 program is taken from Ref. 29 , in which a hybrid B3LYP exchange correlation functional and a triple-zeta basis set was employed. The obtained orbital vibronic coupling parameters v Γ are shown in Table I . The definition of the phase factors of the normal modes are the same as Ref. 29 .
In the case of C + 60 , there is one hole in the h u HOMO. Given the large separation between the HOMO and other orbitals, the nature of HOMO of C 60 would not change by introduction of a hole. Within this assumption of the rigid molecular orbital, due to the electron-hole relation 30 , the signs of the vibronic coupling parameters V Γ for C + 60 (2) and the orbital vibronic coupling parameters v Γ of neutral C 60 are opposite to each other, The vibronic coupling lifts the degeneracy with the deformation keeping the high subgroup symmetry 31 , resulting in D 5d and D 3d minima 6 . According to the number of C 5 and C 3 axes, there are six D 5d and ten D 3d minima, respectively. Thus, the search of these minima is simplified by using the symmetry adapted deformations 12 . With the choice of the present basis of the representation, the deformations for D 5d and D 3d minima are expressed as 29 :
The JT energies are shown in Eq. (12) for D 5d and D 3d , and by minimization procedure, the JT stabilization energies 6 are expressed as Eq. (13),
JT 2h (13) with the calculated values shown in Table II , as well as the results from other's work. The label of I donates the usual treatment of the Jahn-Teller effect, which starts from the high-symmetry point of the Adiabatic Potential Energy Surface (APES) 2 , while, in contrast, all the normal modes of totally symmetric distortions in the lowsymmetry minimum energy conformation could also be linearly combined as the starting point for treating JahnTeller effect, which is termed as Intrinsic Distortion Path (IDP), assigned with II [32] [33] [34] . The data we used here is calculated by the usual procedure as the IDP is based on the approximation that low-symmetry structure contains all the required information for vibronic coupling constants. From the table, we could see that B3LYP gives larger estimation of Jahn-Teller energies than that from LDA or PBE-related methods, which is consistent with the conclusion that LDA will lower the estimation of Jahn-Teller effect. Ref. 24 shows a thorough comparation between IDP method and the usual method with different approximation, however, it used the Average of Configuration (AOC) type of calculations, which might give larger error when estimating vibronica couling constants. Ref. 20 also gives the JT stabilization energy by B3LYP which give 121 meV as the stabilization energies, while the value seems to be the sum of totally symmet- 24 shows that the derived coupling parameters obtained from the gradient of HOMO level and from adiabatic potential energy surface agree well with each other, which has been also seen in C − 60 25, 36 . Thus, the orbital vibronic coupling parameters derived from C 60 are close to the coupling parameters derived based on the definition.
The accuracy of the LDA data has been discussed 24, 37 based on the comparison between the experimental photoelectron spectra (PES) 4 and those from numerical simulation 9 . However, as pointed out by N. Manini 9 , the experimental PES is broad and the fine structure of low-energy region due to vibronic coupling is completely smeared out, which prevents the direct comparison between the theory and experiment. Similar problem arises in the study of C − 60 : The vibronic coupling parameters derived from broad PES 38 and those from high-resolution spectra 25 (for the latter experimental data the work of X. B. Wang 39 ). Moreover, in the case of PES of C + 60 , the theoretical ratio of the second strongest peak to the strongest one is smaller than those of experimental data, inplying the underestimation of the vibronic coupling by LDA.
The quality of the B3LYP calculations were checked in C 60 anions by comparing the theory and experimental data: the Néel temperature 40 , the spin gap 41 and the explanation of the origin of the temperature evolution of infrared spectra 42 of Mott-insulating Cs 3 C 60 using the same data, besides the good agreement between the coupling parameters from B3LYP calculations and highresolution PES 25 . Thus, it must be natural to expect that the B3LYP values are closer to the reality in C 60 . Furthermore, the vibronic coupling parameters from the B3LYP calculations gave good description of the inelastic electron tunneling spectra of an organic molecule 43 .
V. CONCLUSION
In this work, the orbital vibronic coupling parameters for the h u HOMO level of C 60 are derived using B3LYP hybrid functional. With the obtained coupling parameters, the JT stabilization energies of C + 60 are calculated, and the JT structure at the minima of the adiabatic potential energy surface is confirmed to be D 5d .
Although the derivation of the orbital vibronic coupling parameters is the first step while gives a solid ground to accurately describe the JT dynamics of C + 60 , and various spectra such as scanning tunneling measurements of C 60 44 inverse PES 45 . The present coupling parameters are derived based on the well-defined phase factor of the normal mode which was also used for the orbital coupling parameters for LUMO. Therefore, by combining them it is also possible to describe the vibronic problems of excited C 60 46 without any confusion. The latter will be useful to analyze e.g. luminescence spectra 47 and relaxation process and thermally activated delayed luminescence 48 .
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